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The latest and most precise top quark measurements at the LHC and Tevatron are used to establish new
limits on the Wtb vertex. Recent results on the measurements of the W-boson helicity fractions and single
top quark production cross section are combined in order to establish new limits at 95% CL (confidence
level). The allowed regions for these limits are presented, for the first time, in three-dimensional graphics,
for both real and imaginary components of the different anomalous couplings, providing a new perspective
on the impact of the combination of different physics observables. These results are also combined with the
prospected future measurement of the single top quark production cross section and W-boson helicity
fractions at the LHC.
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I. INTRODUCTION
The recent discovery of a new scalar particle, compatible
with the standard model (SM) Higgs boson, by the ATLAS
and CMS collaborations at the LHC [1,2], brought us
perhaps the most important missing piece of the SM, ever
since the discovery of the top quark at Fermilab, in 1995
[3,4]. With the LHC operating at a center-of-mass energy of
13 TeV, this is an exciting epoch for particle physics. The
next decades will feature an unprecedented quest for new
physics beyond the SM, that began at the LHC, and will
hopefully continue with a future generation of colliders [5].
The electroweak precision measurements performed at
Large Electron-Positron Collider and Tevatron, and, more
recently, the observation of the Higgs boson with properties
compatible with the one predicted by the SM, constitute
strong experimental support for the theory. This implies that
any possible new interaction coupling to the SM has to exist
above theelectroweaksymmetrybreakingscale, andperhaps
beyond the TeV scale. For these reasons, precisionmeasure-
ments of top quark and Higgs boson properties, in particular
of their couplings, constitute a fundamental component of
direct searches for new physics beyond the SM, as they are
expected to be sensitive to new physics at higher scales.
Top quarks decay through the weak interaction, mostly
to a W boson and bottom quark with a mean lifetime
estimated to be 10−25 s. Due to its brief lifetime, shorter
than the hadronization time scale (10−24 s), the top quark
decays before hadronization can take place. The top quark
spin information is, therefore, preserved by the decay
products. By measuring the angular distributions of these
decay products, it is possible to access the spin information
and hence to probe the nature of theWtb vertex. In the SM,
the Wtb vertex has a (V-A) structure, which can be
tested by measuring helicity fractions of the W-bosons
produced in top quark decays, and/or the observables which
depend on these helicity fractions [6–8]. Above the
electroweak symmetry breaking scale, new physics effects
can be parametrized in terms of an effective field theory
approach [9], where the most general Wtb vertex can be
expressed as [10]:
LWtb ¼ −
g
ﬃﬃﬃ
2
p b¯γμðVLPL þ VRPRÞtW−μ
−
g
ﬃﬃﬃ
2
p b¯ iσ
μνqν
MW
ðgLPL þ gRPRÞtW−μ þ H:c: ð1Þ
The coupling VL ¼ Vtb ≃ 1, at tree level in the SM, while
all the other couplings, VR, gL, gR are dimensionless and
complex, and equal to zero at tree level in the SM. Even
though the anomalous couplings are absent in the SM at
tree level, they may receive significant contributions from
new physics effects beyond the SM (BSM). These con-
tributions can be tested in top quark decays by measuring
the W-boson helicity fractions, together with single top
quark production measurements, and used to set limits on
the anomalous couplings [11–16].
In this paper, the most precise measurements of the
single top quark production cross section at different
center-of-mass energies, up to 13 TeV, at the LHC and
Tevatron [17–25], are used to set limits on the real and
imaginary components of the anomalous contributions to
the Wtb vertex. All these measurements are in good
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agreement with the SM next-to-leading order ðNLOÞ þ
next-to-next-leading log ðNNLLÞ QCD predictions [26–
31]. These results are also combined with recent LHC
results obtained by CMS [32] for the W-boson helicity
fractions, which together with the ATLAS [33] and
Tevatron results [34], are in good agreement with next-
to-next-leading order (NNLO) SM predictions [35]. This
study follows a previous similar exercise, where limits on
anomalous couplings were set using a combination of
measurements of single top quark production cross sections
andW-boson helicity fractions, from Tevatron and LHC, up
to a center-of-mass energy of 8 TeV [36].
The combination of all the measurements described
above, and the estimation of limits, is performed with
the TOPFIT [37] program by taking the global uncertainty of
each measurement and their correlations, whenever known.
It must be stressed that this combination of measurements
is a phenomenological exercise, and not an official combi-
nation from the experiments. The allowed regions are
presented for both real and imaginary components of the
anomalous couplings, at 95% confidence level (CL), in
two-dimensional and three dimensional representations,
allowing the visualization of the dependences and corre-
lations between three different anomalous couplings at a
time. These results present a different approach which
significantly differs from the one commonly used in the
literature, i.e. all real and imaginary parts of the new
couplings are kept as unconstrained free parameters of the
global fit. Moreover, these results also present a significant
improvement when combined with the prospected results
for the t-channel single top cross section and W-boson
helicity fractions measurements in future LHC runs at
14 TeV with a luminosity of 3000 fb−1 [38].
II. EXPERIMENTAL RESULTS
The t-channel single top quark production cross section
has been measured with great precision at different center-
of-mass energies, both at the LHC and Tevatron. CMS
recently measured the t-channel single top-quark inclusive
cross section using proton-proton collisions at 13 TeV [18],
corresponding to an integrated luminosity of 2.3 fb−1, with
one muon in the final state:
σð13 TeVÞt−chan ¼ 227.8þ33.7−33.0 pb: ð2Þ
The same measurement had already been performed
by CMS at center-of-mass energy of 8 TeV, using a total
integrated luminosity of 19.7 fb−1 [19],
σð8 TeVÞt−chan ¼ 83.6 2.3ðstatÞ  7.4ðsystÞ pb: ð3Þ
The cross section was measured inclusively, in final states
with a muon or an electron. Previous results from CMS at
7 TeV were also taken into account, with the single top
quark production cross section in the t-channel measured
to be [20],
σð7 TeVÞt−chan ¼ 67.2 6.1 pb: ð4Þ
Results from Tevatron were also used in this paper, in
particular, the final combination of CDF and D0 measure-
ments of cross sections for single-top-quark production
in proton-antiproton collisions at a center-of-mass energy
of 1.96 TeV. With a total integrated luminosity of up to
9.7 fb−1 per experiment, the measured t-channel cross
section is [21],
σð1.96 TeVÞt−chan ¼ 2.25þ0.29−0.31 pb: ð5Þ
The impact of the Wt associated production was also
considered in this paper. In particular, the measurement of
the cross-section, with integrated luminosity of 20.3 fb−1 of
proton-proton collisions at 8 TeV, recorded by the ATLAS
experiment [22],
σWt ¼ 23.0 1.3ðstatÞþ3.2−3.5ðsystÞ  1.1ðlumiÞ pb; ð6Þ
was used. Results for the associated production of a single
top quark and W boson in pp collisions at 7 TeV with the
CMS experiment [23],
σWt ¼ 16þ5−4 pb; ð7Þ
were also used. Moreover, the recent measurement of the
s-channel single top-quark production cross-section, per-
formed by ATLAS, was also taken into account. This
measurement was achieved using proton-proton collisions
at a center-of-mass energy of 8 TeV, leading to an observed
signal significance of 3.2 standard deviations [24], com-
patible with the SM, with a cross section of
σs−chan ¼ 4.8 0.8ðstatÞþ1.6−1.3ðsysÞ pb: ð8Þ
The results for the single-top-quark production in the
s-channel through the combination of the CDF and D0
measurements of the cross section in proton-antiproton
collisions at a center-of-mass energy of 1.96 TeV [25],
σs−chan ¼ 1.29þ0.26−0.24 pb; ð9Þ
were also used. All measurements of single top quark
production cross sections were assumed to be uncorrelated.
The currently most precise W-boson helicity fractions
were measured in tt¯ decays into the muonþ jets channel,
using a sample of events from proton-proton collisions at a
center-of-mass energy of 8 TeV, collected in 2012 with the
CMS detector at the LHC. The measuredW-boson helicity
fractions are, respectively [32],
F0 ¼ 0.659 0.015ðstatÞ  0.023ðsystÞ;
FL ¼ 0.350 0.010ðstatÞ  0.024ðsystÞ;
FR ¼ −0.009 0.006ðstatÞ  0.020ðsystÞ: ð10Þ
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Only F0 and FL were used in the global fit with a
correlation coefficient of ρ ¼ −0.95 for the LHC measure-
ments [36]. Tevatron results F0 and FR were also taken into
account, with a correlation coefficient of ρ ¼ −0.86 [39].
Finally, the expected results for the t-channel single top
quark production measurement in future LHC runs at
14 TeV and 33 TeV are also taken into account. In
particular, in the single top t-channel final state with one
lepton and a neutrino coming from the top quark decay,
plus two jets (with one of them being tagged as a b-jet), the
estimated cross-section precision is expected to reach 3.8%
for 3000 fb−1 of 14 TeV pp collision data [38]. In this
scenario, the uncertainty on the W-helicity fractions was
estimated to be half the current most precise measurement.
III. LIMITS ON ANOMALOUS COUPLINGS
The dependences of theWtb helicity fractions and single
top quark production cross sections on the anomalous
couplings were derived in [8] and [13], respectively. In this
paper, these expressions were used to set limits on the
anomalous contributions with the TOPFIT program, which
FIG. 1. Allowed region in ReðgRÞ, ReðgLÞ and ReðVRÞ at 95% CL (left). Allowed region in ImðgRÞ, ImðgLÞ and ImðVRÞ at 95% CL
(right).
FIG. 2. 95% CL allowed regions for the gL and gR complex couplings. The left plot corresponds to the real components, and the right
plot corresponds to the imaginary ones.
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provides a proper treatment in establishing the allowed regi-
ons for these couplings, by taking into account different
correlations between observables and global uncertainties.
No consideration was given to four-fermion contributions to
the t-channel single top quark production cross sec-
tion [40,41], and also no correlation was assumed between
the helicities and the cross section measurements. The total
uncertainty of each measurement is defined by adding in
quadrature the corresponding statistical and systematic
uncertainties.
The allowed regions of phase-space are presented in
three-dimensional plots of real and imaginary components
of anomalous couplings VR, gL, and gR. In each case, the
limits are set by TOPFIT using top quark, W-boson, and
bottom quark masses of mt ¼ 175 GeV,MW ¼ 80.4 GeV,
and mb ¼ 4.8 GeV. It should be stressed that the impact
of the choice of these mass values on the observables
dependence with the anomalous couplings is extremely
small, when compared with the experimental uncertainties
[8]. Both real and imaginary components of the complex
couplings are assumed to be nonvanishing, and limits are
displayed for 95%CL. In each plot, fromFigure 1 to 4, use of
different colors denotes the inclusion of additional measure-
ments. A clear constriction of the volume occurs with each
FIG. 3. Allowed region in ReðgRÞ, ImðgRÞ and ReðgLÞ at 95% CL (left). Allowed region in ReðgLÞ, ImðgLÞ and ReðgRÞ at 95% CL
(right).
FIG. 4. 95% CL allowed regions for the gL and gR complex couplings. The left plot corresponds to the real components, and the right
plot corresponds to the imaginary ones.
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new consideration. The blue regions correspond to the
95% CL limits using the previously most precise W-boson
helicity fractions and single top quark production measure-
ments from LHC (up to 8 TeV), together with all Tevatron
results (W-boson helicity fractions and all single top quark
production cross sections), as discussed in [36]. The green
shades correspond to the allowed regions extracted from
the combination of most recent LHC (up to 13 TeV) and
all Tevatron results. The yellow regions correspond to the
combination of all most recent measurements with the
expected future W-boson helicity fractions and t-channel
single top quark production cross section measurements at
the LHC, using 3000 fb−1 of 14 TeV pp data.
In Fig. 1 the limits obtained for the real part of the
anomalous couplings are displayed, on the left plot, at
95% CL, where VL ¼ 1 and all the other couplings are
allowed to vary. Different measurements complement each
other for narrowing down allowed regions. This is dis-
cussed in depth in [42] where combining measurements
leads to a better result, when compared to regions obtained
from the individual measurements alone. Similarly, the
right plot shows the allowed regions on the imaginary part
of the anomalous couplings, where, once again, VL ¼ 1 is
fixed and the remaining couplings are allowed to vary. The
shapes are slightly shifted from real counterparts, and are
oriented differently in phase-space. But the key result is
the same; a clear shrinking of the allowed region with
the inclusion of each additional set of measurements. The
three-dimensional nature of these plots enables a new
representation which does not assume any constraint what-
soever on both real and imaginary parts of the anomalous
couplings, and provides a new way to visualize the allowed
values that anomalous couplings can hold, depending on
each other. In Fig. 2, two-dimensional plots (at 95% CL)
are presented, with VL fixed to unity and with all other
couplings allowed to vary, as before. These two plots, when
compared with the previous ones, make it easier to see
exactly how these three-dimensional regions are made
smaller with each measurement used. It is particularly
visible how the inclusion of a possible future measurement
of the single top quark production t-channel and W-boson
helicity fractions at 14 TeV with high luminosity (yellow
regions) would improve the limits by a significant
factor, when compared with the results extracted from
the combination of the current most precise measurements
(green regions).
Figure 3 shows three-dimensional limits obtained for
real and imaginary parts of the two tensorial anomalous
couplings, at 95% CL, assuming VL ¼ 1, while all other
couplings are allowed to vary. The left plot shows allowed
regions for the real and imaginary parts of the right
tensorial coupling, gR, and the real component of the left
tensorial coupling, gL. The right plot shows allowed
regions for the real and imaginary parts of gL, and the
real component of gR.
1 Similarly, Figure 4 shows two-
dimensional limits for the real and imaginary components
of gR, on the left, and gL on the right, at 95% CL, for
VL ¼ 1. As before, these plots make very clear how a future
measurement of the single top quark production t-channel
cross section and W-boson helicity fractions, with high
luminosity, at 14 TeV, would help constrain limits on
anomalous contributions to the Wtb vertex.
In addition to the two- and three-dimensional allowed
regions, it is also useful to set limits on each anomalous
contribution, while allowing all the other anomalous
coupling to vary at the same time. These limits are
presented in Table I, at 95% confidence level, for the
different considered scenarios. When compared with the
previous most precise limits (up to 8 TeV), the current
results (up to 13 TeV) show a significant improvement,
larger than 10%, in particular for the real component of gR.
Due to the nature of the approach taken in this paper, where
all anomalous couplings are allowed to vary at the same
time, it is not possible to perform a fair comparison
TABLE I. 95% CL limits on the real and imaginary components of the anomalous couplings. These limits were
extracted from the combination ofW-boson helicities and single top quark production cross section measurements at
LHC and Tevatron, up to 8 TeV (top), up to 13 TeV (center), and 14 TeV with high luminosity (bottom).
8 TeV gR gL VR
Allowed Region (Re) [−0.15, 0.09] [−0.19, 0.20] [−0.33, 0.41]
Allowed Region (Im) [−0.30, 0.31] [−0.20, 0.19] [−0.37, 0.38]
13 TeV gR gL VR
Allowed Region (Re) [−0.12, 0.09] [−0.17, 0.18] [−0.31, 0.38]
Allowed Region (Im) [−0.26, 0.27] [−0.17, 0.18] [−0.34, 0.36]
14 TeV gR gL VR
Allowed Region (Re) [−0.07, 0.07] [−0.16, 0.17] [−0.25, 0.34]
Allowed Region (Im) [−0.22, 0.23] [−0.16, 0.17] [−0.32, 0.31]
1The color scheme is the same as used in Figs. 1 and 2.
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between these results and other independent studies
[43–48], where couplings were constrained to their real
components and/or set to zero. Nonetheless, all the results
are compatible.
IV. CONCLUSIONS
New limits were established on the anomalous contri-
butions to the Wtb vertex. These limits were calculated
using the most precise measurements of the W-boson
helicity fractions at the LHC, combined with measurements
of single top quark production cross sections for different
center-of-mass energies at the LHC and Tevatron. The
allowed regions for both the real and imaginary compo-
nents of the anomalous couplings were presented in
three-dimensional plots, for different combinations of
measurements, at 95% CL, where all components were
allowed to vary as free parameters in the global fit. The
limits on new anomalous physics contributions to the Wtb
vertex, extracted from measurements at center-of-mass
energies up to 13 TeV, showed an improvement larger
than 10%, when compared with the limits extracted from
measurements at center-of-mass energies up to 8 TeV.
Prospected limits were also presented using the expected
results of future measurements of the t-channel single top
quark production cross section and W-boson helicity
fractions at 14 TeV, for a luminosity of 3000 fb−1. The
significant improvement observed motivates an important
physics case for future single top quark production mea-
surements at the LHC.
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